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wui» Broad-Spectrum Antiviral Effect of Cannabidiol
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Abstract

Cannabidiol (CBD), the main nonpsychoactive cannabinoid of the Cannabis sativa plant, is a powerful antioxidant
compound that has attracted more attention in recent years due to its effects on a variety of biological functions.
Zika virus (ZIKV) is a virus transmitted mainly by the Aedes aegypti mosquitoes, which causes severe neurological
diseases, such as microcephaly and Guillain-Barre syndrome, mainly in fetuses and newborns. Although the fre-
quency of viral outbreaks has increased recently, no vaccinations or particular chemotherapeutic treatments are
available for ZIKV infection. In this study, we report that CBD inhibits the replication of ZIKV and other arboviruses
with major epidemiological significance such as dengue and chikungunya. Furthermore, we present encourag-
ing findings that outline a potential mechanism of action for CBD's antiviral efficacy against ZIKV. We determined
that CBD affects cellular membranes and, in particular, lowers intracellular cholesterol levels, thus affecting ZIKV
viral replication. Finally, we demonstrate that CBD inhibits structurally dissimilar viruses, suggesting that this phy-
tochemical has broad-spectrum antiviral effect, representing a valuable alternative in emergency situations dur-
ing viral outbreaks, like the one caused by severe acute respiratory syndrome coronavirus 2 in 2019.
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Introduction

Natural compounds have been one of the most success-
ful sources of medicines and pharmaceutical drugs.
Since 1981, chemical factors derived from herbal and
plants, as well as their derivatives and mimetic com-
pounds have represented almost two-thirds of the
new small-molecule drugs."” The Cannabis sativa

plant has more than 445 thousand chemical com-
pounds, including cannabinoids, terpenes, and flavo-
noids. At least 120 of these phytochemicals have been
identified as cannabinoids, of which the most abundant
are cannabidiol (CBD) and A-9-tetrahydrocannabinol
(A°-THC).? CBD is a 21-carbon terpenophenolic com-
pound that lacks the unwanted psychoactive effects of
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F1» some cannabis derivatives (Fig. 1a). This phytocanna-

binoid is a powerful antioxidant and anti-inflammatory
compound* that acts on various molecular targets,
being able to cause effects in a wide range of biological
functions with potential beneficial applications for
health care purposes.

Despite what is known so far, the search for new ap-
plications of CBD medicine continues to be an agenda
in scientific matters. CBD has been extensively studied
for years in the field of neuroscience.”” Also, it has
been reported that CBD could inhibit the proliferation
of cancer cells, exerting an antitumor effect.*'' On the
contrary, it has been suggested that this cannabinoid
could have a positive impact on cardiovascular diseases
such as cardiomyopathies and arterial hyperten-
sion.'>"?

Sea et al. and Mabou Tagne et al. have carried out ex-
tensive reviews, in which several research reports
proved that CBD have antiviral effects.>'* In this
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sense, CBD has been shown to be active against hepa-
titis C virus,"”> HIV'®'” and against severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2).'*7%°
Particularly, many reports focused on SARS-CoV-2 in-
fections and proposed that the use of CBD could be
beneficial against the characteristic symptoms caused
during cytokine storm.>' Despite the efforts made in
relationship to its antiviral activity, there are no reports
of the effect of CBD on neglected, tropical, and vector-
borne diseases. For this reason, the major aim of this
study was to explore the in vitro antiviral activity of
this small molecule against Zika virus (ZIKV).

This mosquito-borne Flavivirus has become a rele-
vant emerging viral pathogen due to its recently expan-
sive spread around the world.**> To note, ZIKV
infection can also be parenterally and sexually trans-
mitted to humans, producing outbreaks sporadically
associated to neurological disorders and microcepha-
ly>> No vaccines or specific chemotherapy are
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activity of CBD against ZIKV. Cells were infected with ZIKV and treated with different concentrations of CBD
(0.6-10 uM) during 48 h; 20 uM CBD was also evaluated in NPCs and Swan-71 cells. After that, supernatants
were harvested and titrated by the plaque assay. Viral control (VC): untreated infected cells. Data are
presented as mean = SD (n=3). ANOVA followed by Dunnett’s post hoc analysis was used to calculate the
p-values. ****p <0.0001, **p <0.01, *p<0.05 versus control. ANOVA, analysis of variance; CBD, cannabidiol;
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; NPCs, neural progenitor cells; ZIKV,
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currently available for ZIKV infection, denoting the
need of effective antiviral agents. Here, we show prom-
ising results describing the possible mechanism of ac-
tions involved in CBD antiviral activity against ZIKV
and other nonrelated viruses, suggesting that this phy-
tochemical has broad-spectrum antiviral effect, repre-
senting a valuable alternative for the treatment of
viral diseases.

Materials and Methods
Cannabidiol extraction and purification
Fifty grams of inflorescences finely chopped and previ-
ously decarboxylated at 120 degrees for 40 min were
suspended in ethanol with vigorous stirring for
30 min. This process was carried out three times on
the starting material. Next, it was dried using a rotary
evaporator, and the extract was purified by means of
column chromatography, using silica gel (Merck 60;
0,015-0,040). The solvent gradient used was hex-
ane:ethyl acetate from 90:10 to 30:70. This process
was repeated twice to achieve maximum purification.
The characterization of the product was carried out
by means of HPLC as follows: The quantitative analysis
of CBD was performed to determine purity using a
chromatograph provided of a UV-Visible photodiode
array detector (UV2000-Thermo Separation Products)
equipped with a reverse-phase Zorbax SB-Aq column
4.6mm IDxX250mm, 5um. A mixture of (85:15)
methanol and ultrapure water with a flow rate of
1 mL/min was used as eluent and the detection was per-
formed at A =220 nm.** The concentration of CBD in
the dilution was determined using the external stan-
dards calibration curve method and the retention
time was used as an identification criterion. The struc-
ture was also confirmed using CG-MS, comparing with
the Wiley and NIST libraries. Purity was 99.8%. For ex-
perimental assays, a 10 mM CBD stock was prepared
by dissolving the phytochemical in absolute ethanol
of analytical grade.

Cells and viruses

Vero (African green monkey kidney) (ATCC®; CCL-
81), Huh-7 (human liver carcinoma) (ATCC; CRL-
8024), A549 (human lung adenocarcinoma) (ATCC;
CCL-185™), and ARPE-19 (human retinal pigment
epithelium) (ATCC; CRL-2302TM) cell lines were
grown in Eagle’s minimal essential medium (MEM;
Gibco, Carlsbad, CA, USA) supplemented with 5%
heat-inactivated fetal bovine serum (FBS) and
50 ug/mL gentamicin. First-trimester trophoblast cell

line (Swan-71) was grown in Dulbecco’s modified
Eagle’s medium and Nutrient Mixture F12 (DMEM-
F12) supplemented with 10% FBS, 2mM glutamine,
and 100 U/mL streptomycin-100 ug/mL penicillin
solution.

Human neural progenitor cells (NPCs) were derived
from H9 human embryonic stem cells (WiCell
Research Institute) by using a commercial kit from
ThermoFisher Scientific (PSC Neural Induction
Medium; Gibco) and maintained in DMEM-F12 sup-
plemented with B27 1X, N2 1X, 2mM glutamine,
2mM nonessential amino acids, 100 U/mL streptomy-
cin-100 ug/mL penicillin solution, 20 ng/mL epidermal
growth factor (EGF), and 20 ng/mL basic fibroblast
growth factor (bFGF).

The following viruses were used: ZIKV, Argentine
strain INEVH116141; dengue virus, serotype 2
(DENV-2), strain Thailand/16681/1984; yellow fever
virus (YFV), strain 17D; chikungunya virus expressing
ZsGreen fluorescent protein (CHIKV-ZsGreen)
obtained following transfection of BHK cells with the
genomic RNA synthesized in vitro using the infectious
cDNA clone of the virus expressing ZsGreen as a tem-
plate, as previously described®®; Junin virus (JUNV),
strain 1V4454; herpes simplex type 1 (HSV-1), strain
F; adenovirus type 5 (ADV-5); and poliovirus type 1
(PV-1).

Cell viability assay

Cell cultures grown in 96-well plates were exposed for
72 h at a concentration range of 2.5 to 20 uM (two-fold
dilutions, three wells per concentration) of CBD. Par-
ticularly, in Swan-71 cells and NPCs, concentrations
of 2.5 to 40 uM were tested. Viability was determined
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide (MTT; Sigma-Aldrich Co., St. Louis,
MO, USA) method. For this, after 72 h of exposure to
the compound, the medium was removed and 100 uL
of medium containing MTT (0.5 mg/mL) were added.
The plate was incubated for 1h at room temperature
and then the formed formazan crystals were dissolved
in 100 uL of ethanol, 96% v/v. Absorbance was mea-
sured at 570nm on a POLARstar Omega microtiter
plate reader (BMG LABTECH, Ortenberg, Germany).

Viral infections and treatments

Cells grown in 96-well plates were infected with a mul-
tiplicity of infection (MOI) of 0.1 for ZIKV, DENV,
YFV, JUNV, ADV-5, and 0.07 for HSV-1 and PV-1.
In particular, Swan-71 cells were infected with ZIKV
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at MOI=1. After 1 h of incubation at 37°C, the inocula
were removed and fresh medium was added. For treat-
ments, CBD stock was diluted in medium to final con-
centrations in the range of 0.6-10uM. MEM
supplemented with 1.5% FBS was used for Vero,
Huh-7, and A549 cells; DMEM-F12 supplemented
with 10% FBS was used for Swan-71 cells; DMEM-
F12 supplemented with B27 1X, N2 1X, EGF
(20 ng/mL), and bFGF (20 ng/mL) for NPCs. Solutions
were added to infected cells and incubated at 37°C for
24 h for PV-1 and 48 h for the other viruses (three wells
per concentration).

After incubation, the supernatants were harvested
and titrated by the plaque assay. All the works were
performed under strict level 2 biosafety working condi-
tions. Protocols involving infectious agents were ap-
proved by the Office of Environmental Health and
Safety at the School of Sciences of the University of
Buenos Aires.

Plaque assay

Vero and A549 (for ADV-5) cells were seeded into 24-
well microplates and grown overnight. Ten-fold dilu-
tions of the sample were added to cell monolayers
and then were incubated at 37°C for 1 h. After incuba-
tion, the inoculum was removed and monolayers were
covered with MEM that contained 1% methylcellulose.
Cells were incubated at 37°C for 24 h (for PV-1), 72h
(for ZIKV and HSV-1), 5 days (for ADV-5 and
YEV), and 7 days (for DENV-2 and JUNV). Finally,
plaques were fixed with 10% formaldehyde and stained
with 1% crystal violet in 10% ethanol and counted. The
virus titer was expressed as plaque-forming units per
milliliter.

Focus-forming assay

The assay was carried out in Vero cells grown in 96-
well plates. Cells were infected with the reporter virus
CHIKV-ZsGreen*® (MOI=0.02) and CBD solutions
with different concentrations (1.25-10 uM) were
added. Treated cells were incubated for 20h at 37°C
in an incubator with 5% CO,. Subsequently, the super-
natants were discarded, and cells washed with PBS and
fixed with 4% paraformaldehyde (PFA) for 1h at 4°C.
Afterward, PBS washes were carried out once again and
30 uL of PBS were added. Finally, the count of fluores-
cent foci was carried out in an ELISpot equipment and
InmunoSpot 7.0.30.2 software (ImmunoSpot C.T.L,
Germany).
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Measurement of interleukin-6 and interleukin-8

by enzyme-linked immunosorbent assay

Interleukin-6 (IL-6) and interleukin-8 (IL-8) were de-
termined by the enzyme-linked immunosorbent assay
(ELISA). For this, Huh-7 cells were infected with the
ZIKV (MOI=0.1) and subsequently treated for 48h
with a 10uM CBD concentration. These ILs were
also determined in Huh-7-uninfected cells. Cytokines
measurements were performed on cell culture superna-
tants using the BD OptEIA™ ELISA sets (Becton Dick-
inson) following the manufacturer’s instructions.

Time-of-drug addition assay

Vero and Huh-7 cells were grown in 24-well micro-
plates overnight. Cells were infected with ZIKV
(t=0h; MOI=0.5) in the presence or absence of
10 uM CBD at 4°C. After 2 h, cells were washed three
times with PBS and fresh medium was added. CBD
of 10 uM was added at 0, 2, 4, 6, and 8 h postinfection
(hpi). Supernatant were collected at 24 hpi and titrated
by plaque assay.

Viral inactivation assay

ZIKV was exposed to 5 and 10 uM CBD for 1.30h at
37°C. Control group consisted of virus without CBD
and exposed to the same conditions. Subsequently,
the mixtures were diluted 1:100 and 1:1000 with PBS
and titrated by plaque assay.

Quantitative reverse transcription polymerase

chain reaction

Vero and Huh-7 cells were infected with ZIKV and
treated with concentrations of 5 and 10 uM of CBD
during 48h. RNA was extracted from cell cultures
using the TRI Reagent® MRC from Molecular
Research Center, Inc., and quantified by spectropho-
tometry (NanoDrop 2000; ThermoFisher Scientific).
cDNA was synthesized using the Moloney murine leu-
kemia virus reverse transcriptase and quantitative poly-
merase chain reaction (qPCR) was performed using
FastStart™ Universal SYBR® Green Master (Rox) in
a Bio-Rad iCycler with MyiQ2 Two-Color reverse
transcription-PCR Detection System. Gene expression
was normalized to the endogenous gene control
Actin. Data were analyzed using the threshold cycle
method (2724¢Y). The primers used were the following:
actin (forward: 5-TTA GTT GCG TTA CAC CCT
TTC TTG-3’; reverse: 5-TCA CCT TCA CCG TTC
CAG TTT-3"); ZIKV (forward: 5-GCC GCC ACC
AAG ATG AAC TGA TTG-3’; reverse: 5-GCA GTC
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TCC CGG ATG CTC CAT C-3"); IFN-f (forward: 5’-
TAG CAC TGG CTG GAA TGA GA-3’; reverse: 5'-
TCC TTG GCC TTC AGG TAA TG-3').

Immunofluorescence assay

Vero cell cultures were grown on coverslips inserted on
24-well microplate during 24 h. After this time, cells
were infected with ZIKV (MOI=0.1) for 1 h and trea-
ted with 10 uM CBD for 48 h. To study viral infection,
cells were fixed with ice-cold 100% methanol at —20°C
for 10 min. Two types of antibodies were used to mark
infected cells, anti-double-stranded RNA (anti-
dsRNA) (1/100) (SCICONS; mAb J2) and anti-E pro-
tein (1/300) (Abcam). Cells were incubated for 1h.
Afterward, samples labeled with anti-E protein were in-
cubated for 1h with the anti-mouse IgG Alexa Fluor
488 secondary antibody (1/300) (Invitrogen). Regard-
ing the cells marked with anti-dsRNA, the secondary
antibody used was anti-rabbit IgG Alexa Fluor 488
(1/300) (Invitrogen). Finally, slides were stained with
4’,6-diamidino-2-phenylindole (DAPI; 1/1000)
(Sigma-Aldrich Co.) for 10 min.

On the contrary, cell membranes were marked using
Wheat Germ Agglutinin (WGA) conjugated with tetra-
methyl rhodamine isothiocyanate (TRITC) (Sigma-
Aldrich Co.). Two different fixing solutions were
used, ice-cold 100% methanol and 4% PFA followed
by permeabilization with 0.1% Triton X-100. Cells
were incubated with WGA-TRITC for 1h at 37°C in
a humid chamber. Subsequently, in the case of the
cells that were infected, they were marked with the
anti-dsRNA or with the anti-E protein antibodies, as
mentioned above. Finally, nuclei staining was carried
out with DAPI for 10 min. The coverslips of all samples
were mounted on glass microscopy slides. The samples
were visualized with an Olympus IX71 epifluorescence
microscope and a Zeiss LSM 980 confocal microscope
equipped with the Airyscan 2 super resolution module.

Cholesterol measurement

Total cholesterol (CHO) from infected and uninfected
cell cultures was determined. For this, Vero cells were
grown in 96-well plates and incubated for 24 h. After
reaching 80% confluence, cells were infected with
ZIKV and DENV-2 (MOI=0.1). These infected cells
and uninfected cells were treated with concentrations
of 5 and 10 uM CBD for 48 h. Total CHO was mea-
sured using the Amplex™ Red Cholesterol Assay Kit
(Invitrogen) following the manufacturer’s instructions.

Statistical analysis
Experimental comparisons were made using Student’s
t-test in the case of two-group comparisons or the
one-way analysis of variance (ANOVA) test for multi-
ple comparisons.

ANOVA followed by Tukey’s post hoc test was used €AU10

when comparing was made between different groups or
a one-way ANOVA followed by Dunnett’s post hoc test
when comparing was made every mean to a control
mean. A p-value <0.05 was considered significant.
All experiments were performed in triplicate and data
analysis was carried out with GraphPad Prism 8 soft-
ware (San Diego, CA, USA).

Results

CBD inhibits ZIKV in vitro infection in relevant

cellular models

First, we evaluated the cytotoxicity of CBD in different
cell types relevant in the pathogenesis of ZIKV. Differ-
ent human cell lines (Swan-71, NPCs, Huh-7, and
ARPE-19 cells) were exposed to different dilutions of
the phytochemical during 72h and then determined
cell viability by the MTT reduction assay. Results indi-
cated that 20 uM CBD significantly induced cytotoxic-
ity in Huh-7 and ARPE-19 cells versus nontreated cells
(control) with cell viability values of 31.52% and
18.20%, respectively. However, at 10 uM CBD, cell via-
bility values were above 90% and statistically not signif-
icantly different versus control cells. To note, regarding
to NPCs and Swan-71 cells, viability was not affected at
20 uM CBD, but was considerably reduced at 40 uM
(Fig. 1b). The 50% cytotoxic concentrations (CC50)
are found in Table 1.

Based on the obtained data, we established the con-
centration range between 0.6 and 10 uM to study the
CBD antiviral properties in the Huh-7 and ARPE-19.
Particularly, the CBD antiviral activity was also tested
in NPCs and Swan-71 cells at a concentration of
20 uM, since in these cases, the viability was >90%.
As it is shown in Figure lc, CBD exhibited a po-
tent antiviral activity against ZIKV in the differ-
ent cell cultures used with effective concentration
50% (EC50) values ranging from 1.40 to 5.12 uM
(Table 1).

CBD inhibits other flaviviruses

To expand our study, we included the antiviral activity
evaluation of CBD against two other flaviviruses,
DENV-2 and YFV. To note, CBD was found to have
a significant antiviral activity against these viruses. As
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Table 1. Cytotoxicity and Antiviral Effect of Cannabidiol in Vero, Huh-7, ARPE-19, Swan-71 A549 Cells, and Neural

Progenitor Cells

EC50 (uM)

Cellline  CC50 (uM) ZIKV DENV-2 YFV CHIKV HSV-1 JUNV PV-1 ADV-5
Vero 16104028  087+028 2024031  213+032  463+047  827+051 8554022 4880076 ND

Huh-7 17114042  140+004 147004  168+042  ND 446+0201  850+£052  424+026  ND
ARPE-19 15734046  2.01+0.05 ND ND ND ND ND ND ND

NPCs 3090+1.18  323+0.17 ND ND ND ND ND ND ND
Swan-71 >40 5.12+1.20 ND ND ND ND ND ND ND

A549 15.99+0.49 ND ND ND ND ND ND ND 1124022

ADV-5, adenovirus type 5; CC50, 50% cytotoxicity concentration values were measured for noninfected cells; CHIKV, chikungunya virus; DENV-2,
dengue virus, serotype 2; EC50, half maximal effective concentration values for cells infected with the indicated viruses; HSV-1, herpes simplex type 1;
JUNYV, Junin virus; ND, nondetermined; NPCs, neural progenitor cells; PV-1, poliovirus type 1; YFV, yellow fever virus; ZIKV, Zika virus.

seen in Figure 2, DENV-2 and YFV both showed a sig-
nificant inhibition of virus yield in Huh-7 cell culture
after CBD treatment, even at lower concentrations
(0.6-1.25 M).

CBD increases the expression of IFN-f

To study the possible immunomodulatory role of
CBD, we measured the levels of cytokines that play
a key role in the innate response during viral infec-
tions. We determined the IL-6, IL-8, and IFN-f pro-
duction in Huh-7 cells that were exposed to 10 uM
CBD during 48h. The results showed that 10 uM
CBD-treated cells exhibited a significantly IFN-f

F3p increased levels after 48h (Fig. 3a), meanwhile,

IL-6 and IL-8 were not induced (Fig. 3b, c). These

results suggested that CBD has a partial immuno-
modulatory role.

Subsequently, to analyze whether the observed CBD
antiviral effect was due solely to the modulation of
IFN-f, the antiviral activity against flaviviruses was eval-
uated in Vero cell cultures. These cells are characterized
by not producing IFN-I due to spontaneous genetic de-
letions. The cell viability was measured (Fig. 3d), and
different concentrations were evaluated against ZIKV,
DENYV, and YFV. Surprisingly, it was observed a signif-
icant inhibition of viral yields after treatments of Vero-
infected cell cultures, even at low CBD concentrations
tested (0.6-1.2 uM) (Fig. 3e). Collectively, these results
suggest that the antiviral effect exerted by CBD is inde-
pendent of the IEN signaling pathway.
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FIG. 2. Antiviral activity of CBD against (a) DENV-2 (MOI=0.1) and (b) YFV (MOI=0.1) in Huh-7 cell line.
Cells were infected and treated at CBD concentrations of 0.6 to 10 uM during 48 h. Subsequently, the
supernatants were harvested and titrated by the plaque assay in Vero cells. Viral control (VC): untreated and
infected cells. Results are expressed as the mean+SD (n=3). p-Values were determined using an ANOVA
analysis, followed by Dunnett's post hoc test. ****p <0.0001, ***p <0.001, *p <0.05 versus VC. DENV-2,
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CBD inhibits chikungunya virus

Usually, flaviviruses cocirculate in the same areas as
CHIKYV that belongs to the Togaviridae family. Thus,
we evaluated the CBD antiviral activity against this
nonrelated arbovirus. The obtained results showed
that there was a significant reduction of infectious
foci at concentrations of 2.5, 5, and 10 uM (Fig. 4),
resulting in an EC50 of 4.63 uM (Table 1).

CBD impacts at different viral replication stages

To get some insight about viral replication stages af-
fected by CBD, an addition time assay was carried
out on the Huh-7 cell line. For this purpose, cells

were infected and 10 uM CBD was added at 0, 2, 4, 6,
and 8 hpi. As Figure 5a shows, a significant inhibition «F5
was observed mainly in the first 2h of infection. In
an attempt to determine whether CBD had a direct vi-
rucidal effect, a viral inactivation assay was performed.
For this purpose, ZIKV was exposed to CBD concen-
trations of 5 and 10 uM for 1 h at 37°C. Subsequently,
the mixtures were titrated by the plaque assay.
Notably, CBD did not present a virucidal effect, since
no differences in quantification of viral particles was
observed after treatment (Fig. 5b). Therefore, the inhi-
bition of the first hours suggests that CBD might inter-
fere with early interactions between the virion and the
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FIG. 4. Antiviral activity of CBD against CHIKV.
Vero cells infected with CHIKV-ZsGreen
(MOI=0.02) were treated with CBD (1.25-10 uM)
and after 20 h of incubation, fixed with 4% PFA.
The infectious foci were quantified by the
ELISpot equipment. p-Values were determined
by a one-way ANOVA followed by Dunnett’s
post hoc test. **p <0.01, *p<0.05 versus infected
and untreated cells. CHIKV-ZsGreen,
chikungunya virus expressing ZsGreen
fluorescent protein; PFA, paraformaldehyde.

host cell, mainly during both adsorption and internal-
ization stages. Surprisingly, when this assay was per-
formed in Vero cells (Fig. 5c), it was observed a
significant inhibition in the intermediate (viral genome
replication and translation) and late viral stages (as-
sembly, processing, and virions release) (=4, 6, 8 hpi).
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On the contrary, the relative RNA viral level in
ZIKV-infected Huh-7 and Vero cell cultures was quan-
tified by qPCR. The obtained results demonstrated that
there was a significant decrease in the relative expres-
sion of viral RNA when the infected cell cultures
were treated with 5 and 10 uM of CBD (Fig. 5d, e) in
comparison to viral control.

Based on these results, the percentage of infected
cells was determined by confocal microscopy imaging
quantification. Vero cells infected with ZIKV and trea-
ted with 10 uM CBD for 48 h were fixed and labeled
with anti-dsRNA or anti-E protein antibodies, as indi-
cated in the Figure 5f-i. dsRNA is produced as an inter-
mediate in the RNA synthesis during the genome
replication of many viruses, including flaviviruses. In
comparison to the viral control, a significant inhibition
of infected cells was found after the treatments (Fig. 5f-
i). The results observed in the cells stained with anti-
dsRNA corroborated what was determined by qPCR,
a significant reduced quantity of viral RNA was
detected (Fig. 5g).

However, when E viral antigen was detected, almost
a complete inhibition was observed compared to the
control (Fig. 5i). These results suggest that although
the virions are able to infect a considerable number
of cells in the presence of CBD treatment (dsRNA
staining), the protein translation is mainly affected
(E staining). These results were in accordance with
those depicted in Figure 5c, in which at different time
of CBD addition a significant inhibition was observed;
however, the most affected viral steps were the interme-
diate and late ones.

>
FIG. 5. (a, c) Addition of CBD at different times postinfection in (a) Huh-7 and (c) Vero cells. Cells were infected

with ZIKV (MOI=0.5) and 10 uM of CBD were added at 0, 2, 4, 6, and 8 hpi. Supernatant were collected at 24 hpi
and titrated by the plaque assay. (b) Virucidal effect of CBD against ZIKV (MOI=0.5). The virus was exposed to 10
and 5 uM CBD for 1.30 h at 37°C. Subsequently, the mixtures were diluted and titrated by the plaque assay. (d, e)
Viral RNA levels determined by gPCR in (d) Huh-7 cells and (e) Vero cells. Data represent the mean+SD (n=3).
p-Values were determined by a one-way ANOVA followed Dunnett’s post hoc analysis. ****p <0.0001, ***p <0.001,
**p <0.01, *p<0.05 versus VC. (f-i) ZIKV infection visualized by immunofluorescence. Cells were infected with ZIKV
(MOI=0.1) and afterward treated with 10 uM CBD. Cell cultures were fixed with methanol and labeled with (f)
anti-dsRNA antibody and (g) anti-E protein antibody. Alexa 488 (green) was used as the secondary antibody. (g, i)
Images of random fields of view were acquired to determine the number of infected cells. The green fluorescence
of each cell was quantified to measure the intensity of infection and subsequently, an average was calculated. The
samples were visualized with an Olympus IX71 epifluorescence microscope. Cell quantification and fluorescence
intensity measurement was performed using Fiji software. Viral control (VC): untreated infected cells. p-Values were
calculated by Student’s t-test. Data represent the mean+SD (n=3). ****p<0.0001, **p <0.01 versus VC. dsRNA,
double-stranded RNA; hpi, hours postinfection.
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CBD alters cellular membranes impacting

ZIKV infection

The flavivirus replication cycle is highly cell membrane
dependent. This involves from the entry and exit of the
virion to the cell by endocytosis and exocytosis, respec-
tively, to the synthesis of RNA, assembly processing
and transport of the particles in the endoplasmic retic-
ulum (ER) and Golgi membranes.**** To study the
impact of CBD on cell membranes in the context of
ZIKV infections, treatments were performed on unin-
fected and infected Vero cells with 10 uM of CBD
for 48 h.

Afterward, cells were fixed under different condi-
tions, PFA to preserve cellular membranes or methanol
to explore intracellular membranes (ER/Golgi). Then,
samples were labeled with WGA, a lectin that binds
nonenzymatically to N-acetyl-D-glucosamine and si-
alic acid residues of glycoproteins and glycolipids pres-
ent in the plasmatic membrane, ER and Golgi, and
observed in detail by high-resolution confocal micros-
copy. Images were analyzed and fluorescence intensity
quantified, revealing that uninfected and infected
CBD-treated samples exhibited an increase in fluores-
cence intensity, suggesting that CBD modifies cell
membranes (Fig. 6).

CHO, one of the main components of the plasma
membrane, maintains the integrity of the membrane,
regulates its fluidity, and plays an important role in
the formation of lipid rafts. As mentioned above, cell
membranes are highly important in the flavivirus rep-
lication cycle. The lipid rafts containing a high CHO
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content are a key area of virion entry and budding.*
In addition, the proteins involved in the synthesis
and regulation of CHO are anchored in the ER mem-
branes.>'*?> On the contrary, the relationship between
CHO and the IFN-I response during viral infections
is also significant, as excessive CHO levels are known
to impair IFN responsiveness.”

Hence, a decrease in CHO amount during a flavivi-
rus infection may ensure an improvement in the IFN’s
response. Therefore, we performed a measurement of
cellular CHO in CBD-treated Vero cells, uninfected
or ZIKV and DENV-2 infected. The results showed
that in all conditions, there was a reduction in CHO
levels after CBD treatment (Fig. 6e-g). Collectively,
these results indicate that CBD decreases cellular
CHO, which alters cell membranes and, consequently,
affects both ZIKV and DENV-2 viral replication.

CBD is a broad-spectrum antiviral

Finally, to broaden the antiviral spectrum of CBD,
structurally unrelated viruses that cause serious infec-
tions in humans were subjected to study. For this,
cells were infected with enveloped viruses such as
HSV-1 and JUNV and nonenveloped viruses such as
PV-1 and ADV-5. Furthermore, these viruses differ
widely in their genome composition (DNA vs. RNA
genome). Vero and Huh-7 cell lines were used for the
HSV-1, JUNV, and PV-1 viruses and A549 for ADV-
5 since it represents an optimal replication system for
the latter virus.

>

FIG. 6.

Labeling pattern of cell membranes in Vero cells using confocal fluorescence microscopy. Infected (ZIKV)

and uninfected (Mock) cells were treated with 10 uM CBD for 48 h. Subsequently, they were fixed with different
solvents, the membranes were stained with WGA-TRITC (red) and viral antigens (green). (a) Cells fixed with 4%
PFA and permeabilized with 0.1% Triton X-100. Infected cells were labeled with the primary anti-dsRNA antibody
and then, with the secondary antibody Alexa 488. (b) Quantification of WGA-TRITC fluorescence intensity per cell
of infected and uninfected cells fixed with 4% PFA. (c) Cells fixed with absolute methanol, labeled with the
primary antibody anti-E protein and the secondary antibody Alexa 488. (d) Quantification of fluorescence WGA-
TRITC intensity per cell of infected and uninfected cells fixed with absolute methanol. The samples were visualized
under the Zeiss LSM 980 confocal microscope. Intensity quantifications were performed with the Fiji software.
p-Values were calculated by Student’s t-test. Data represent the mean£SD (n=3). ****p<0.0001, ***p <0.001,
**p<0.01 versus control. (e-g) Intracellular CHO quantification in Vero cells. Cells were treated with CBD
concentrations of 5 and 10 uM for 48 h and then, CHO was quantified by a fluorimetric method. (e) Uninfected
cells; (f) Cells infected with ZIKV (MOI=0.1); (g) Cells infected with DENV-2 (MOI=0.1). Mock: untreated and
uninfected cells. Viral control (VC): untreated and infected cells. p-Values were determined by a one-way ANOVA
followed by Dunnett’s post hoc test. Data represent the mean=SD (n=3). ***p <0.001, *p <0.05. CHO, cholesterol;
WGA-TRITC, Wheat Germ Agglutinin-tetramethyl rhodamine isothiocyanate.



CAN-2023-0103-ver9-Marquez_1P-new.3d 08/13/23 11:29pm Page 11

r
a Control CBD (10 uM) b
Mock
2 =10t
§
E 810t
a“a' g B=104
= £ oantoe
o 2=10*
H
2 o0 T r
Mock  CBD (10pM)
ZIKV
£ 2x10t
[ -
I
£ ysx100
g g 0
: :
2 s
c
i 0 T T
vc CBD (10 pM)
[ Control CBD (10 uM) d
Mock
g Sx1gt RS
§ a=10 |
: .
E g a0 |
= § =104 y
§ 1=104 | ' |
2 ——
Mock  CBD (10uM)
ZIKV
£ w0 —
1]
E ysu100 : —|—
[ ]
% § A=10* —
s S=10%
§
2 0 A T
VC  CBD (10 uM)
e Uninfected cells f ZIKV infected cells g DENV-2 infected cells
= oy I
E E E
2 2 2
3 B s
s g s
2 2 2
5 5 5
\.

11



CAN-2023-0103-ver9-Marquez_1P-new.3d 08/13/23

F7p»

11:29pm

12

Page 12

MARQUEZ ET AL.

Non-enveloped viruses

Enveloped viruses

ADV-5/ A549 cell line

r 100

80

I 60

* P40

DNA viruses

20

ADV titer (log PFU/mL)
(%) Agen (192 6ySY

-
S & P

CBD (uM)

PV-1

= e - Vsm

RNA viruses
PV titer (log PFU/mL)

1‘-’

43 Sl
& ¥

CBD (uM)

== Huh-7

FIG. 7. Antiviral activity of CBD against structurally dissimilar viruses. Cells were infected for 1 h and
subsequently treated with CBD (0.6-10 uM) for 24 h in the case of PV-1 and 48 h for the other viruses. The
supernatants were harvested, and the viral titers were determined by the plaque assay. (a) ADV-5
(MOI=0.1). Cell viability of the A549 cell line was determined. For this, cells were exposed to a
concentration range of CBD from 0.6 to 20 uM for 72 h.
assay. (b) HSV-1 (MOI=0.07); (c) PV-1 (MOI=0.07); (d) JUNV (MOI=0.1). Viral control (VC): untreated
infected cells. p-Values were determined by a one-way ANOVA followed by Dunnett’s post hoc test. Data
represent the mean£SD (n=3). ****p<0.0001, ***p <0.001, **p<0.01 and *p <0.05 versus control. ADV-5,
adenovirus type 5; HSV-1, herpes simplex type 1; JUNV,
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Subsequently, viability was determined by the MTT

Junin virus; PV-1, poliovirus type 1.

Subsequently, treatments with CBD were carried out
in a concentration range of 0.6 to 10 uM. The results
indicated that CBD significantly inhibited all virus rep-
lication at a concentration of 10 uM. In the case of
HSV-1, PV-1, and ADV-5, a significant inhibition
of up to 1.25uM was observed (Fig. 7). Regarding
the results obtained using both different cell lines,
no major differences were observed as occurred with
the flaviviruses.

The EC50 and CC50 obtained in all mentioned ex-
periments performed are summarized in Table 1.

Discussion and Conclusions

In the present work, especial focus on the evaluation of
CBD anti-ZIKV activity was made. The ZIKV infection
has been associated with severe complications and ad-
verse effects on the fetus, mainly during the first trimes-
ter of pregnancy.’*” This flavivirus crosses the
placenta infecting trophoblast cells and reaches the
fetal brain where the virus mainly infects NPCs.*®*">®
This infection seriously affects the brain development
of the fetus that might generate severe conditions
such as microcephaly. In addition, ZIKV infects other
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highly relevant cellular targets such as liver cells and
retinal pigment epithelium cells.’®*' By using different
cellular models relevant to the viral pathogeny, our re-
sults suggest a potential application of CBD to treat
ZIKV and other flaviviruses such as DENV and YFV,
and a nonrelated but not less important arbovirus,
such as CHIKYV, that cocirculates in same affected area.

In recent works, the immunomodulatory role of
CBD during SARS-CoV-2 infections has been closely
studied, determining that CBD increases the expression
of interferon and upregulates its signaling pathway."”
On the contrary, a recent study showed that CBD ad-
ministration reduced the level of proinflammatory cy-
tokines (e.g., IL-6, IFN-y) and improved clinical
symptoms of acute respiratory distress syndrome in a
murine model.** In addition, it has been reported that
CBD inhibits polymorphonuclear leukocytes migration
and the production of reactive oxygen species and
TNF-0.* In line with these observations, we determined
that, although CBD induces the expression of IFN-f3, the
main antiviral effect involves another mechanism.

Recently, it has been proposed that one of the steps
affected by the action of CBD in cells infected by SARS-
CoV-2 is the cell entry."”**** In accordance with that
observation, the inhibition of ZIKV infection during
the first hours suggests that CBD might interfere with
early interactions between the virion and the host
cell. Nonetheless, our results also revealed that inter-
mediate viral stages as protein translation are signifi-
cantly affected.

It is well known that CBD affects the integrity and
physicochemical properties of cell membranes such
as fluidity, permeability, and elasticity.%_48 Newly, a
growing interest in the relationship between CHO
and CBD has emerged. In vitro studies have shown
that after incubation with CBD, CBD localizes to cell
membranes, interacts with phospholipids, and inter-
feres with normal CHO distribution; as a consequence,
the permeability of the membrane undergoes modifica-
tions.*>** In the present report, CBD significantly di-
minished total cellular CHO levels. This finding
suggests that this alteration impacts directly on viral
replication.

During last decades, different global viral outbreaks
systematically have emerged and remerged (SARS-
CoV-1, SARS-CoV-2, MERS-CoV, ZIKV, DENYV,
Influenza A HIN1 2009 and Ebola).”® With this, the
need to generate greater scientific and economic efforts
in the search for broad-spectrum antivirals is exposed.
In particular, the repurposing of drugs already tested in
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humans is highly desirable in terms of time and cost
savings and is therefore a valuable alternative in emer-
gency situations during public health crises.

In conclusion, we give hope to the use of CBD by
demonstrating the in vitro effectiveness of the CBD
as a broad-spectrum antiviral molecule that can be
used against different dissimilar viruses. However, fu-
ture studies are necessary to confirm this proof of prin-
ciple of CBD as an antiviral in animal models.
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